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SYMBOLS 


A - The  waterplane  area 
B : Beam  of  the  ship 
D - Diameter  of  oylinder 
Dv  : pQ V = Buoyanoy 
H = 2*  = Wave  height 

I y'  : Iy  + Iy"  - Appurent  mas s moment  of  inertia  with  respeot  to  the  Y axes 

where  I y is  the  aotual  mass  moment  of  inertia  and  I y ’ the 
added  moment  of  inertia 

L = Length  of  the  ship 

M - Mass 

Ni,  N2  - Damping  ooeffioients  for  heaving  and  pitohing  motions 
Ml  G = Metaoentrio  height,  longitudinal 
T - The  period  of  wave  motion 
T 1 = The  natural  period  of  heaving  oscillation 
T2  : The  natural  period  of  pitching  osoillation 

Vz  : Vz  + Vz  " - Apparent  displacement,  where  Vz  is  the  aotual  displacement 
and  V z " the  added  displaoement 

Cl  : where  JL  is  the  moment  of  inertia  of  waterplane  area 

d - Draft  of  the  ship 

g = Aooeleration  of  gravity 

r : 1 / 2 H : x/z  wave  height 

w = N/M  = Relative  damping  faotor 
l - Heave  along  z-axes 

aw  : The  waterplane  ooeffioient  or  the  fullness  of  waterline,  defined  as  the 

ratio  of  waterplane  area  of  the  ship  to  the  reotangle  drawn  around  this 
waterplane  area 

£(\/l)  : Heaving  force  funotion 

€ - Phase  angle 

C = Amplitude  of  heaving  motion 


rj  - Amplitude  of  wave  motion 

© = Pitohing  angle  of  the  ship 

#{X/l)  = Pitohing  moment  function 

K : 2 2 - Damping  ooeffioient  for  heaving  or  pitohing  motion 

X = Wave  length 

fj-i  > fj-2  - Amplitude  distortion  funotion  for  heaving  end  pitohing 

motions 

p - Density  of  water 

2 IT 

(a)  - -y-  = Rrequenoy  of  wave  motion 

o>i  = yj-  = Natural  frequeno/  of  the  heaving  motion 
2 T 

0*2  : yr-  = Natural  frequency  of  the  pitohing  motion 


LABORATORY  STUDIES  OF  THE  MOTION  OF  FREELY  FLOATING  BODIES  IN  NON-UNIFORM 

AND  UNIFORM  LONG  CRESTED  WAVES. 


By 

Osvald  Sibul 
ABSTRACT 


The  motion  of  freely  floating  bodies  has  been  studied  experimentally  in  non- 
uniform  wave  trains.  The  data  were  recorded  cn  movie  film  and  were  evaluated  for 
heaving,  pitohing,  drifting  and  surging  motions.  In  addition  to  the  studies  of 
motion  in  non-uniform  wave  trains,  a few  experiments  were  made  of  the  motion  of 
fl*eely  floating  bodies  in  uni  form  wave  trains  and  the  results  oompared  with  a 
theory  developed  by  Weinblum.  A reotangular  block  approximately  1 foot  by  ^ foot 
by  ^ foot,  a ship  model  approximately  4 feet  by  ^ foot  with  a \ foot  draft,  and 
a cylinder  approximately  1 foot  long  and  1 foot  in  diameter  were  used  in  the  ex- 
periments ihioh  were  performed  in  a wave  ohannel  and  in  a mode!!  basin. 


I.  INTRODUCTION 

The  motion  of  freely  floating  bodies  in  trains  of  uniform  waves  hfs  been 
studied  by  many  investigators,  and  in  some  oases  the  theoretioal  results  have 
been  compared  with  experimental  measurements  (see  Bibliography).  The  agreement 
seems  to  be  satisfactory  when  the  experimental  data  Here  obtained  from  models 
in  uniform  waves  under  oontrolled  conditions.  However,  when  the  theories  were 
applied  to  the  motion  of  aotual  ships  in  a seaway  of  non-uniform  waves  the  re- 
sults were  not  satisfactory^4)* j it  appears  that  the  study  of  floating  bodies 
in  uniform  waves  has  more  aoadenio  value  than  praotioal  use,  and  future  inves- 
tigations should  be  directed  toward  a solution  applicable  for  non-uniform  waves. 

The  problem  is  very  diffioult.  First,  it  is  necessary  to  measure  the 
surfaoe  of  the  sea  with  all  its  irregularities,  and  as  waves  are  often  fnort- 
orested,  the  problem  must  be  considered  as  three-dimensional.  Seoond,  j.t  is 
neoessary  to  determine  how  a ship,  having  six  degrees  of  freedom,  will  aot  in 
a seaway.  The  solution  of  this  problem  may  be  pursued  in  four  different  manners* 

(1)  Solving  the  problem  theoretically. 

(2)  Using  experimental  results  as  obtained  under  oontrolled  wave 
and  model  condition. 

(3)  Making  direot  measurements  on  a prototype  under  aotual  oonditions. 

(4;  Statistical  observations. 

If  possible,  all  four  methods  should  be  used  and  the  results  compared  with  eaoh 
other. 


The  present  studies  have  been  confined  to  the  first  two  methods,  that  is, 
(1)  theoretioal  and  (2)  experimental  - by  means  of  oontrolled  model  studies. 


* 


For  numbers  in  parentheses  refer  to  the  Bibliography  at  the  end  of  the  paper 
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They  are  limited  to  loug-crestod  non-uniform  waves,  although  a few  teste  were 
performed  to  obtain  certain  information  on  the  motion  of  bodies  in  uniform  wave 
trains. 


The  purpose  of  this  report  is  primarily  to  desoribe  the  laboratory  procedure 
used  in  working  on  the  problem,  and  to  show  some  experimental  results  of  the  Bhip 
motion  studies.  Ihe  theoretical  studies,  whioh  have  been  done  simultaneously 
with  the  laboratory  studies,  and  their  comparison  with  the  laboratory  results 
are  presented  in  a separate  report'5*). 


II.  LABORATORY  EQUIPMENT  AKD  PROCEDURES 

Test  Models » In  the  first  experiments,  a wooden  reotangular  block  was  used 
(Figure  l).  The  block  was  1 by  0.425  by  0.242  foot.  Ihe  reason  for  the 
rectangular  form  was  to  simplify  the  computation  of  theoretical  oharaoteristios 
and  motions.  Ihe  blook  was  soaked  in  water  for  24  hours  prior  to  using  it  in 
a test,  so  that  no  water  would  be  absorbed  during  the  experiment.  After  soak- 
ing, the  blook  was  balanced  in  still  water  by  inserting  lead  shot  in  holes 
drilled  along  the  bottom  of  the  block.  Later  the  holes  were  sealed  with  paraf- 
fin. After  the  blook  was  balanced,  the  draft  was  measured  in  still  water  and 
was  found  to  be  0.142  ft. 

In  the  later  experiments  a ship  model  (the  "Clairton")  was  used 
(Pigure  2).  The  ship  model  was  nearly  wall-sided  (except  at  the  ends)  and 
was  approximately  4 ft.  long,  0.55  feet  wide,  with  a draft  of  0.265  ft.  The 
fullness  at  water  line  was  approximately  a*  = 0.85*.  In  Figure  6 the  ship 
model  and  the  rectangular  blook  are  shown  together  for  comparison. 

In  order  to  get  some  indication  of  the  heaving  motion  of  a non- mil-sided 
freely  floating  body  in  a seaway,  a oiroular  cylinder  was  built  (Figure  3). 

The  oylinder  was  1 foot  by  1 foot  in  diameter.  Luoite  was  used  so  that  there 
would  be  no  problem  due  to  absorption  of  water  during  the  tests.  The  oylinder 
was  weighted  uniformly  around  the  entire  body  in  such  a manner  that  the  draft 
was  equal  to  the  radius  of  the  oylinder.  The  length  of  the  cylinder  was  just 
slightly  leas  than  the  width  of  the  channel;  thus,  the  body  could  move  freely, 
but  no  waves  could  be  generated  (due  to  free  oscillation)  at  the  ends  of  the 
oylinder  and  be  refleoted  from  the  sides  of  the  channel  and  oause  erroneous  re- 
sults. The  oylinder  was  used  only  for  experiments  in  the  wave  channel  and  with 
uniform  waves. 

Wave  Channel t Ihe  first  experiments  were  done  in  a wave  ohannel  1 foot  wide 
by  3 feet  deep  by  60  feet  long,  with  one  side  of  the  channel  constructed  of  a 
series  of  3 feet  by  3 feet  glass  plates,  mounted  in  steel  frames  (See  Figure  4). 
Waves  were  generated  by  a flapper-type  generator,  mounted  at  the  one  end  of 
the  channel.  Both  the  amplitude  and  the  period  of  the  flapper  movement  were 
adjustable.  Ihe  period  oould  bo  varied  between  approximately  0.4  seconds  and  2 
seconds  and  the  wave  amplitudes  between  0 and  0.5  foot.  Ihe  water  depth  during 
all  experiments  was  2 feet  and  so  the  wave  lengths  varied  between  approximately 
0.8  foot  and  14  feet.  At  the  opposite  end  of  the  channel  from  the  wave  generator 
a sloping  beach  was  installed  for  the  purpose  of  preventing  wave  reflections. 

The  motions  of  the  floating  bodies  were  recorded  by  a 35  mm. movie  camera 

* The  fullness  at  waterline,  a leru:  used  by  naval  architects,  is  the  r«tio  of 
waterplane  area  of  the  ship  to  the  rectangle  drawn  around  this  waterplane 
area.  It  equals  1 for  the  block,  having  a rectangular  waterplane  area. 
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(Ball  and  Hawaii  - Eymo)  with  a 50  mm.  fooal  length  lense  and  running  at  48  frames 
per  seoond.  To  reduoe  the  error  due  to  p&ralax,  special  o&re  was  taken  in  mount- 
ing the  camera  so  that  the  oenter  of  the  lens  was  exactly  at  the  same  elevation 
as  the  still-water  surfaae.  A string-grid  (0.10  foot  intervals)  waa  mounted  on 
the  plate-glass  window  of  the  ohannel  for  a scale.  Por  a time  record  an  elec- 
trically operated  olook,  graduated  in  1/100  seconds,  was  mounted  in  the  field  of 
view  of  the  oamera.  The  general  set-up  is  shown  in  Figures  10,  23  and  24. 

An  independent  reoord  of  the  water  surface-time  history  was  obtained  by 
mounting  a double  wire  resistance  element  in  front  of  and  another  one  behind 
the  floating  body,  the  output  being  reoorded  on  a Brush  reoorder.  The  comparison 
between  the  wave  helgits  obtained  from  the  movies  and  that  of  the  Brush  records 
was  found  to  be  good  (t  5 %)• 

Model  Basins  The  first  experiments  were  made  in  the  wave  channel  using  all  the 
desori'bed  models.  However,  due  to  the  narrowness  of  the  ohannel,  waves  generated 
by  the  oscillating  body  were  reflected  from  the  walls  (Figure  7*)  aund  it  was 

/ 9 

thought  that  they  migit  affeot  the  results.  Because  of  this  problem  later  ex- 
periments were  made  in  a large  wave  basin  (approximately  65  try  65  feet).  The 
water  depth  was  limited  to  a maximum  of  1.50  feet  and  resulted,  for  the  longer 
wave  lengths,  in  shallow- water  waves  instead  of  deep-water  waves  . The  wave 
machine  was  of  the  flap  type  and  extended  across  the  total  width  of  the  basin. 

The  wave  period  oould  be  varied  by  changing  'the  speed  of  the  driving  motor,  and 
the  wave  amplitude  oould  be  changed  by  adjusting  the  throw  on  the  crank  arms 
connected  to  the  wave  flaps.  On  the  opposite  end  of  the  basin  the  wave  energy 
was  absorbed,  without  reflection,  on  a sloping  sandy  beach.  The  general  view 
of  the  wave  basin  is  shown  in  Figure  5. 

The  greatest  difficulty  enoountered  in  performing  experiments  in  the  large 
basin  was  the  photographing  of  the  motion  of  the  body  so  that  evaluation  of  the 
data  would  be  relatively  simple  and  the  results  reliable.  There  was  no  possi- 
bility of  mounting  the  camera  lens  at  the  same  elevation  as  the  still-water 
level;  consequently,  the  following  procedure  was  usedt  First  a reference  line 
was  established  by  stretching  a piano-wire  parallel  to  the  still  water  level 
at  a known  distance  above  it.  The  oamera  then  was  mounted  so  as  to  obtain  a 
desirable  field  of  view,  with  the  lense  as  close  as  possible  to  the  water  sur- 
face. A few  feet  of  film  was  exposed  to  obtain  a picture  of  the  grid  (see 
Figure  8a)  which  was  placed  in  the  same  vertical  plane  as  the  reference  line. 
During  the  actual  test  runs  the  grid  was  removed,  but  the  oamera  and  referenoe 
line  were  kept  exactly  in  the  same  position.  A sample  of  an  actual  run  is  given 
in  Figure  8b.  Enlargements  of  the  movie  frames  were  obtained  and  by  using  the 
grid  as  shown  in  Figure  8a,  the  scale  and  the  referenoe  line  wers  transferred 
to  transparent  paper.  The  enlargement  of  the  movie  frames  was  kept  constant, 
and  all  the  data  were  evaluated  by  using  a transparent  scale  as  an  overlay. 

The  referenoe  line,  which  was  in  both  the  scale  and  the  photographs,  was  used 
as  a guide  line. 


Photographs  of  Figure  7 were  obtained  in  a Hippie  Tank  using  a small  rec- 
tangular block  about  3 inches  long,  floating  in  a regular  train  of  waves. 
A 16  mm.  movie  oamera  was  used  to  reoord  the  data  (5). 


** 


Later  it  was  discovered,  however,  that  the  reflected  waves  were  so  small 
(as  compared  with  the  original  wave  motion)  that  they  had  hardly  any  in- 
fluence on  the  results, 
underway. 


This  statement  is  true  only  when  the  ship  is  not 


CO 

o 

u. 


z 

CO 

2 

S 

< 

5 

z 

UJ 

Q. 

O 

z 


H 


5 

cr 

u 

o. 

x 

UJ 

U- 

O 

H 

Z 

UJ 

2 

UJ 

e> 

z 

< 

cr 

cr 

<£ 


c 

»-  o 

‘5  > 

Q> 

■C  !_ 

Cj.  O 
o «•- 

O.® 

O o 

°s 

CL  O 


<r> 

6 

Ll. 


FIGURES  8,  9 


SKETCH  OF  SET-UP  IN  OPEN  WAVE  BASIN 
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Speoial  oare  was  taken  during  the  experiments  to  keep  the  front  side  of 
the  model  in  exaotly  the  same  vertioal  plane  as  the  reference  line.  When  the 
model  moved  too  muoh  out  of  this  reference  plane,  the  run  was  discarded  and 
repeated,  lhe  error  involved  when  the  model  moved  out  of  the  line  can  be  de- 
termined using  the  following  simple  computation,  and  the  sketch  shown  in  Figure  9. 
When  the  elevation  of  the  oamera  lense  above  the  still  water  is  h and  the 
distanoe  of  the  oamera  from  the  reference  plane  is  L , then  the  reading  at  the 
reference  plane  will  be  A instead  of  A when  the  model  moves  out  of  the  plane 
by  the  amount,  l . Hie  error  involved  would  be  e . By  simple  geametrioal 
relationship. 


or  considering  that  1 is  very  small  oompared  with  L , we  have  h/e  = L/l 
If  a maximum  error  e = 0.005  foot  is  allowed  with  the  distanoe  L being  equal 
to  20  feet  and  h = 0.6  foot,  then  a movement  of  1 of  only  0.2  foot  is  allowable. 
This  means  that  by  allowing  an  error  of  0.005  foot,  the  front  side  of  the  model 
may  move  away  from  the  referenoe  plane  by  an  amount  of  0.2  foot  on  either  side. 
When  the  model  moved  away  from  the  reference  plane  by  a greater  amount  the  run 
was  discarded.  In  general  the  model  kept  itself  very  well  in  line.  More  ac- 
curacy could  have  been  obtained  by  moving  the  oamera  closer  to  the  water  surfaoe 
and  increasing  the  distance  from  the  oamera  to  the  referenoe  plane. 


III.  EXPERIMENTAL  WORK 

Preliminary  tests  were  made  in  still  water  to  determine  the  damping  co- 
efficients for  heaving  and  pitching  for  the  models.  After  these  had  been  de- 
termined, tests  were  performed  in  different  wave  conditions.  During  these  tests, 
the  following  conditions  were  maintained*  (l)  all  waves  were  long-orested; 

(2)  the  model  was  not  underway,  but  was  freely  floating;  (3)  the  longitudinal 
axis  of  the  model  wae  parallel  to  the  direction  of  wave  travel. 

Damping!  The  first  runs  made  were  to  determine  the  damping  ooeffioients  for 
heaving  and  pitohing  motions.  For  the  heaving  motion  the  model  was  pressed 
down  in  still  water,  using  a pointed  stiok  in  the  center  of  the  model,  and  then 

suddenly  raising  the  stiok.  For  the  pitohing  motion  one  end  of  -the  model  was 

pressed  down  in  still  water  and  then  released.  The  motion  was  reoorded  on  the 
movies  and  later  analyzed  for  motion  time  histories.  A sample  of  the  experimental 
work  is  shown  in  the  series  of  photographs  of  Figure  10,  the  piotures  being  en- 
largements of  the  35  mm.  movie  film.  The  grid  lines  in  the  photographs  were 

0.1  foot  apart.  Por  the  oiroular  cylinder  the  initial  displacement  was  obtained 
by  pressing  the  cylinder  down  in  still  water  by  hand  as  can  be  seen  in  the  first 
picture  of  Figure  10. 

Motion  in  Non-Uniform  Waves  i For  the  runs  in  the  wave  ohannel,  the  models  were 
plaoed  approximately  20  feet  from  the  wave  generator  in  still  water,  with 
longitudinal  axis  parallel  to  the  ohannel  walls.  The  flapper  of  the  wave 
generator  was  disconnected  from  the  driving  motor  and  operated  manually, 
changing  the  period  of  amplitude  of  the  motion  continuously  to  obtain  a train 
of  irregular  waves.  The  motions  of  the  models  were  recorded  on  35  mm.  film. 

In  the  large  wave  basin  the  manual  operation  of  the  wave  generator  was  not 
possible.  Consequently,  to  obtain  an  irregular  train  of  waves,  the  wave  gen- 
erator was  started  and  then  stopped  after  a short  period  of  time.  The  generator 
started. slowly  and  then  accelerated  to  a constant  periods  When  stopped,  the 
generator  decelerated  slowly  to  a stop.  The  result  was  that  the  wave  train 
started  with  long  waves  whioh  decreased  in  length  as  the  operation  oontinued 


9 


until  a oonstant  wave  length  was  reached.  After  stopping  the  generator,  the 
wave  length  increased  steadily  until  the  generator  stopped  completely.  Due  to 
the  different  velocities  of  travel  for  the  different  waves,  the  train  was  fairly 
irregular  when  it  reached  the  model,  located  approximately  35  feet  from  the 
generator. 

Ifcticn  in  Uniform  Waves t In  addition  to  the  non-uniform  waves,  the  experiments 
T[ere  also  made  ^or  a regular  train  of  waves  (oonstant  period  and  height).  In 
previous  experiments  with  uniform  waves  it  was  found  that  there  was  no  sig- 
nificant difference  in  results  obtained  in  the  1 foot  wave  channel  and  those  ob- 
tained in  the  wave  basin.*  it  was  decided,  therefore,  no  complete  the  experi- 
ments with  uniform  waves  in  the  wave  channel. 

After  the  desired  wave  period  and  steepness  were  obtained,  the  model  was 
placed  in  still  water  and  the  wave  generator  started.  The  motion  was  recorded 
only  after  a steady  state  was  reached. 


IV.  RESULTS 

In  this  report  only  a sample  of  the  results  will  be  given.  Most  of  the 
data  are  presented  in  the  report  by  Fuchs  end  MaoCamy(2)  and  compared  with 
their  theory  on  the  motion  of  a ship  in  non-uniform  long-orested  waves.  Cojp- 
parisans  of  the  Fuchs -Mao  Camy  theory  with  experimental  data  were  good.  In 
this  report  a comparison  of  the  We inb lum  theory  for  regular  sine-waves  is  made. 
Weinblum's  theory  (7)  is  based  partly  on  the  work  of  Kryloff(8)  and  seems  to  be 
the  most  popular  to  date. 

Evaluation  of  Data«  The  evaluation  of  the  data  on  the  movie  film  was  very 

tedious  as  each  frame  had  to  be  viewed  for  the  shorter  wave  lengths;  for  the 

.longer  waves  every  third  frame  was  sufficient.  From  eaoh  fr-une  the  following  data 

were  obtainedc  (1)  the  elevation  of  the  reference  point  on  the  model,  (2)  the 

elevation  of  the  water  surface  at  the  center  line  of  the  ship,  (3)  the  pitohing 

angle  © and  (4)  the  horizontal  looation  of  the  reference  point  on  the  model* 

% 

i 

A reference  point  was  located  on  the  side  of  the  model  in  such  a manner 
that  it  never  was  below  the  water  surface.  The  readings  for  the  looation  of 
reference  point  and  the  pitch  angles  were  oomparitively  easy  to  obtain.  More 
care  was  required  to  obtain  the  water-surface  elevation.  The  readings  of  the 
elevation  of  the  model  and  the  water  surfaoe  in  the  wave  channel  were  taken 
from  tiie  side  of  the  model  and  not  from  the  window  of  the  channel,  in  order  to 
reduoe  errors.  To  define  the  water  surfaoe  on  the  side  of  the  model  a very 
dearly  distinguishable  vertical  line  was  drawn  through  the  reference  point 
(see  Figure  2)  at  the  oenter  of  the  model.  Die  water  surface  then  was  defined 
in  the  pictures  through  a break  in  the  straight  line,  the  break  resulting  from 
the  different  angles  of  refraotion  of  light  in  air  and  water. 

The  aoouraoy  of  measurements  were  4 0.002  foot  for  lengths,  and  t 0.2 
degree  for  pitoh  angles.  The  data  were  plotted  as  elevation-time  and  angle- 
time histories. 


* This  statement  is  true  only  for  the  oase  when  the  model  is  not  underway,  and 
i*  not  true  for  the  determination  of  experimental  damping  coefficient  as  de- 
scribed above.  Damping  is  in  first  line  due  to  the  generation  of  waves  and 
in  a narrow  channel  these  generated  waves  will  be  reflected  by  the  channel 
walls  and  so  effeot  the  results. 


10. 

Damping t Fbr  oscillations  in  sti1!  ?rator  the  aquation  of  motion  for  heaving  is 

M £ + N , £ + /J  A g £ = 0 ^ ) 

and  for  pitohing  is  - 

I 0“  + N2  0'  + Wm  © = 0 (5) 


irtiere  t 

£ = upward  displacement  of  the  center  of  gravity  from  the  still-water  level 

M = effective  mass  of  the  body  for  vertical  oscillations 
A - water  pi  erne  area 
p - density  of  water 

N|,N2  = damping  coefficients  to  be  determined  experimentally  for  heaving  and 
pitohing  motions 

I = effective  moment  of  inertia  of  the  body  for  pitohing  oscillations 

W = p V = displacement  of  the  body  in  equilibrium 

m = longitudinal  metaonntrio  height 

0 = pitohing  angle 

V : displaced  volume  of  water 

Ti  ,T2  = natural  periods  for  heaving  and  pitohing  motions. 

Replacing  N|/M  by  2 b and  rewriting  the  equation  for  the  heaving  motion, 

we  have  £"+2b£'  + w2  £ = 0 (4) 

where  ^ . P&  9 
M 

The  solution  of  this  equation  is  known  to  be 


£ = e‘br  ( A | cos  o t + B,  sin  a t ) 


(5) 


Here  A|  and  B,  are  constants  and  O - ~ b2  - 2 tt / T , where  T,  is  the 

natural  period  of  the  heaving  motion.  The  envelope  to  this  curve  haG  the  form 

y = e"bt  const.  Taking  the  logarithm  of  both  sides,  we  have  log  y = 

- bl  + const  . This  means  that  we  can  obtain  b as  the  slope  of  the  envelope 
to  the  experimental  damping  curve  when  replotted  on  semi-log  paper.  The  effective 
mass  M can  be  oomputed  from  the  following  relationship! 


= y aiz  - b2 


ZJL 

T, 


P 9A 

M 


T,  and  b are  experimentally  determined,  henoe  we  have 

M B — P_±_h 

(27T/T|)2+b2 


(O 


N 


i 


and 


2Mb 


(7) 
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The  deunping  coefficient  N2  can  be  obtained  similarly  by  solving  the  differential 
equation  for  the  pitching  motion. 


For  the  rectangular  blcck  it  was  found  that  Ni  • 29  lbs/sec  and  N2:2.28 


lbs, ft 
sec 


These  results  are  compared  in  Figure  13  with  the  theory  of  Jiavelook. Both' 
the  experimental  results  are  below  the  theoretical  curve,  with  Nj  showing  better 
agreement# 


Heaving  and  Pitching t Samples  of  the  experimental  results  of  the  model  in  non- 
uniform  waves  are  given  in  Figures  14,  16,  19  and  20#  Ihe  runs  are  illustrated 
by  photographs  in  Figures  17  and  18#  Figure  17  represents  a short  seotion  of 
experiment  with  relatively  short  wave  lengths  as  compared  with  the  length  of  the 
model,  while  in  Figure  18  the  wave  length  is  slightly  longer  and  the  waves  less 
steep  than  in  Figure  17# 


The  results  in  uniform  train  of  waves,  as  obtained  in  wave  channel,  are 
given  in  Figure  21  for  the  rectangular  block  and  in  Figure  22  for  the  ship  model. 
The  runs  are  illustrated  by  photographs  in  Figure  23  and  24. 

Hon-lH.iform  Waves y In  Figures  14,  16,  19  and  20  the  heaving  amplitude  of  the 
model  is  compared  with  the  wave  amplitude,  and  the  pitching  anglos  are  given  as 
the  angle-time  history#  In  the  case  of  long  waves  the  model  follows  'almost 
exactly  the  wave  motion — that  is,  the  amplitude  of  the  heaving  motion  is  very 
nearly  equal  to  the  amplitude  of  the  wave  motion,  and  in  some  cases  might  even 
exceed  the  latter.  As  will  be  seen  later,  this  condition  is  in  accordance  with 
the  theory#  As  the  wave  length  decreases  with  respect  to  the  length  of  the 
model,  the  heaving  motion  of  the  model  decreases,  and  may  even  become  very  small 
compared  to  the  wave  motion.  This  condition  occurs  at  the  tail-end  of  a non- 
uniform  train  of  waves  with  decreasing  wave  periods.  Visually  it  can  be  seen 
in  Figures  17  and  18.  In  Figure  17,  where  the  wave  lengths  are  comparatively 
short,  the  waves  move  along  the  side  of  the  model  with  no  appreciable  heaving 
of  the  model j that  is,  the  water  surface  elevation,  measured  on  the  side  of  the 
model,  is  changing  continuously  and  is  related  to  the  wave  motion.  In  Figure 
18,  however,  the  wave  length  is  longer  than  that  occurring  in  Figure  17  and  it 
can  be  seen  that  the  model  follows  the  waves  smoothly  and  the  water-surface 
elevation,  measured  on  the  side  of  the  model  (at  the  center  line),  remains 
almost  constant. 


Uniform  Waves ? Figures  21  and  22  demonstrate  the  ship  motion  in  a uniform  train 
of  waves.  Figure  21  represents  an  experiment  with  the  reotangular  blrck  and 
Figure  22  that  with  the  ship  model.  (The  experiments  with  uniform  waves  were 
conducted  in  the  wave  channeL)  In  Figures  21  end  22  one  can  see  clearly  how 
the  amplitude  of  the  heaving  motion  decreases  as  the  wave  period  decreases. 

In  Figure  21a  there  is  almost  no  heaving  motion  present  for  the  period 
T*0.48  sec.  and  with  the  wave  length  almost  equal  to  the  model  length. 

For  the  short  wave  periods,  a shift  in  phase  also  cen  be  seen.  This  indicates 
that  the  maximum  heaving  elevation  will  not  occur  at  the  same  time  that  the  wave 
crest  passes  the  center  of  the  ship,  but  rather,  a short  time  later.  The  shift 
in  phase  seems  to  be  considerable  when  the  wave  period  is  equal  to  the  natural 
period  of  oscillation.  The  shift  in  phase  can  be  followed  in  Figures  21b  and  22a. 
In  Figure  22a  the  shift  is  equal  to  approximately  180°»  This  means  that  the  heav- 
ing of  the  ship  reaches  its  maximum  value  at  the  moment  when  the  wave  trough 
passes  the  center  of  the  ship.  This  occurrence  should  be  seriously  considered 
for  it  might  result  in  considerable  stresses  in  a shin»s  structure  even  though 
the  heaving  amplitudes  are  very  small. 

Figures  23  and  24  are  illustrations  of  the  experiments  with  a uniform 
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OSCILLATION  OF  FLOATING  RECTANGULAR  BLOCK  IN  NON-UNIFORM  TRAIN  OF  WAVES 


FIGURE  17 


ILLUSTRATION  OF  RUN  8A  * Rectangular  block  in  a train  of  non-uniform  long  - crested  waves; 

time  interval  between  pictures  approximately  O.l  second. 
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MOTION  Of  A FLOATING  RECTANGULAR  BLOCK  IN  NON-UNIFORM  TRAIN  OF  WAVES 
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OSCILLATION  OF  A SHIP  MOOCL  IN  NON-UNIFOftM  TRAIN  OF  WAVES 
WAVE  CHANNEL 
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OSCILLATION  OF  A SHIP  MODEL  IN  UNIFORM  WAVE  TRAIN 
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train  of  waves.  Figure  23  illustrates  the  rectangular  block  and  Figure  24 
illustrates  the  ship  model  tests.  Figures  23a  and  24&  demonstrate  the  oase 
when  the  wave  length  is  very  short  compared  to  the  length  of  the  model.  It  is 
of  interest  to  note  how  the  waves  pass  the  model  without  causing  the  model  to 
heave  or  pitoh.  The  only  appreciable  motion  of  the  ship  oaused  by  the  waves  is 
the  drift  of  the  model  in  the  direction  of  the  wave  travel.  Figure  23b  demon- 
strates the  shift  in  phase,  lhe  model  reaohes  its  maximum  elevation  and  the 
maximum  pitch  envle,  after  the  wave  orest  has  passed  the  oenter  of  the  model. 
Figures  23c  and  24b  demonstrate  the  oase  of  long  waves;  here  the  model  follows 
the  water  surfaoe  smoothly. 

Slamming r It  appears  that  the  phenomenon  of  slausaing  or  pounding  seems  to  be 
related  to  a shift  in  phase.  Slamming  ooours  when  the  amplitude  of  heaving  or 
pitching  becomes  so  large,  relative  to  the  wave,  that  a portion  of  the  bottom 
of  the  hull  emerges,  to  re-enter  the  water  with  an  impact.  This  may  easily  reaoh 
suoh  an  order  of  magnitude  that  the  periodioity  of  motion  is  destroyed.  The 
forces  depend  essentially  upon  the  relative  vertioal  velocity  between  the  bottom 
of  the  ship  and  the  water  surfaoe.  When  we  have,  as  an  example,  a 160°  shift 
in  phase,  the  relative  velooity  between  the  ship  bottom  and  the  wator  surfaoe  is 
naturally  very  high,  for  the  motion  ooours  in  opposite  directions.  The  shift  in 
phase  of  the  heaving  motion  is  always  oonneoted  with  a shift  in  phase  of  the 
pitching  tootion.  This  means  the  slope  of  the  wave  and  pitching  angle  of  the  ship 
may  have  opposite  direotions  which  again  might  oause  the  forebody  of  the  ship  to 
emerge  and  to  re-enter  the  water  with  heavy  impact. 

It  was  found  that  slamming  ooours  for  both  uniform  and  non-uniform  waves 
when  a oertain  oondition  was  reaohed.  However,  slamming  was  prevented  in  the 
experiments  as  it' was  found  to  destroy  the  periodioity  of  the  motion, as  the 
data  oould  not  be  used  to  compare  experimental  results  with  theory.  In 
Figure  23b  (T  : 0.64  seo.)  the  slamming  oondition  has  almost  been  reaohed.  In 
the  third  pioture  of  the  illustration  the  front-end  of  the  model  is  almost  sub- 
merged while  in  lhe  fifth  pioture  it  almost  emerges.  In  this  pioture  the  shift 
in  phase  of  heaving  and  pitohing  motions  oan  clearly  be  seen  as  mentioned  before. 

I 

Surging  and  Drifting  Motion t In  addition  to  the  vertioal  motion  of  the  model, 
the  horizontal  motion  was  measured  and  evaluated.  A part  of  the  reduced  data 
is  given  in  Figures  15o  and  d and  Figures  19o,d  and  e for  the  non-uniform  waves, 
and  in  Figure  26  for  the  uniform  train  of  waves.  In  Figure  19,  the  horizontal 
motion  of  the  model  is  shown  for  a train  of  non-uniform  waves.  As  can  be  seen 
in  Figure  19o,  the  horizontal  motion  oonsists  of  two  partsr  (a)  the  drifting 
motion  of  the  model,  and  (b)  the  surging  motion.  In  Figure  19o  the'  total 
horizontal  motion  is  plotted  as  the  time-distance  curve. 

Surgingt  The  surging  and  drifting  motions  of  the  model  can  bo  separa- 
ted by  tirawing  a oenter-line  through  the  experimental  curve  as  shown  in 
Figures  19o  and  25  . This  oenter  line  represents  the  drifting  motion  of  the 
model.  Using  this  oenter-line  as  zero-line,  we  oan  obtain  the  amplitudes  of 
surging  motions.  Thus,  Figure  19d  is  obtained  by  replotting  19o  by  using  the 
center-line  as  zero-line  . In  the  same  plot  the  surging  motion  is  compared  with 
the  heaving  motion.  In  Figure  19e  the  path  of  oenter  of  gravity  of  the  model 
is  evaluated  for  a oertain  period  without  considering  drift  velocities.  As 
to  the  comparison  of  the  heaving  and  surging  motion,  it  seems  that  they  are 
almost  equal  for  the  longer  wave  lengths  - this  fact  indicates  that  the  oenter 
of  gravity  of  the  model  moves  along  an  almost  circular  path.’  When  the  wave 
period  is  decreasing,  the  oiroular  path  seems  to  beoome  elliptio  with  the  longer 
axis  in  vertioal  direotion  (compare  Figure  19e  and  26a).  The  surging  foroe  is 
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the  horizontal  component  of  wave  force  along  the  ships  longitudinal  axis  and 
depends  thus  on  X/L  in  a similar  manner  as  the  heaving  force  does*  Ihe 
magnitude  of  the  surging  motion  is  much  higher  than  is  generally  thought 
(see  Figure  19d,e  and  25a)*  The  Imnediate  oonolusion  of  this  is  that  the  con- 
stant velocity  towing  tests  in  a seaway  may  give  doubtful  resistance  values* 

Much  better  results  might  be  obtained  with  self-propelled  models  under  constant 
thrust  conditions* 

Driftings  Considering  the  drifting  motion  of  a ship  due  to  waves,  when 
the  ship  is  not  underway  and  when  it  is  not  affected  by  winds  or  currents, 
one  may  ask  the  question  whether  the  ship  stands  still  or  will  it  be  moved  by  the 
waves  in  the  direotion  of  the  wave  travel,  or  will  it  move  against  the  direction 
of  the  waves* ' 

Oerstner's  theory  (1802)  indicates  that  the  water  parbioles  move  in 
circles,  (with  fixed  centers)  and  therefore  no  mass  transport  of  water  is 
effected  by  the  waves.  Stokes  showed  (1847)  that  there  was  a slow  mass  trans- 
port in  the  direotion  of  the  wave  advance.  Stokes'  theory  has  been  confirmed 
by  experiments.  According  to  this  theory  for  particle  motion,  a ship  floating 
without  any  velocity  of  its  own  might  be  expected  to  drift  very  slowly  in  the 
direotion  of  wave  travel,  but  never  against  the  waves,  when  not  affected  by 
wind  or  currents*  But  looking  at  Figure  19o  it  can  be  seen  that  the  ship  model 
drifted  against  the  waves  at  the  beginning  of  a non-uniform  train  of  waves,  where 
the  wave  lengths  were  large.  , Wien  the  wave  lengths  were  deoreasing  the  drift 
gradually  stopped  and  then  reversed  direotion,  and  started  to  drift  in  the  di- 
rection of  wave  advance*  The  model  drifted  with  increasing  velocity  as  the 
wave  lengths  decreased*  This  was  found  to  be  true  for  all  the  experiments.  It 
seems  to  be  obvious  that  the  slight  mass  transportation  of  water  particles  could 
never  give  rise  to  the  forcible  drift  of  a model  floating  on  such  waves.  Thus 
the  drift  of  a ship  must  neoessarily  be  attributed  to  the  ’ mutual  action  between 
the  waves  and  the  ship  heaving  and  pitohing  in  these  waver.  Ihe  drifting  of  a 
ship  has  been  investigated  by  Xyoji  Suyehirov^/  and  his  experimental  results 
oaopared  with  a theory  by  Toshihiro  Wa  tana be'  The  drifting  is  explained 

by  Watanabe  by  the  hydrostatio  buoyancy  in  the  waves.  Taking  an  elementary 
volume  within  the  waves,  a buoyanoy  oan  be  calculated  which  acts  on  this  vol- 
ume (similar  to  Bryloff).  If  this  buoyancy  be  resolved  into  horizontal  and 
vertical  oomponenta,  and  if  the  horizontal  components  be  integrated  over  the 
total  volu&e  of  the  ship  below  the  water  surface,  the  horizontal  force  may  be 
obtained. 

The  question  has  been  investigated  also  by  Havelook^18)  who  concludes  that 
a satisfactory  theory  would  have  to  include,  among  other  faotors,  the  effect  of 
reflection  of  the  waves  by  the  surface  of  the  ship.  In  his  paper,  however,  this 
has  been  neglected  in  order  to  make  tentative  calculations  from  another  point  of 
view  which  associates  the  effect  directly  with  the  oscillation  of  the  ship’. 

Ihe  steady  average  drifting  foroe  was  obtained  depending  upon  the  phase  dif- 
ferences between  the  heaving  and  pitohing  motion  and  the  periodio  foroes  and 
oouples  due  to  the  wave  motion.  The  theory  was  compared  with  experimental  re- 
sults, and  although  available  data  were  not  suitable  for  detailed  comparison, 
it  was  found  that  the  calculations  gave  drifting  foroes  of  the  right  order  of 
magnitude. 

Hone  of  the  available  investigations  indicate  a drift  in  the  direotion 
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opposite  to  that  of  the  wave  advanoej;  however,  this  might  be  due  to  the  faot 
that  all  of  the  investigations  are  completed  for  short  wave  lengths,  while 
the  drifting  against  the  waves  has  been  found  to  ooour  at  a wave  length  of  about 
5 to  6 ship  lengths,  depending  upon  the  shape  of  the  ship* 

To  obtain  more  data  on  this  phenomena,  additional  experiments  were  made  with 
uniform  waves  in  the  wave  channel , using  both  the  rectangular  block  and  the  ship 
model*  Some  examples  are  given  for  the  ship  model  in  Figure  25*  The  drift  ve- 
locity was  obtained  from  the  slope  of  the  center-line  drawn  to  tne  experimental 
ourve  of  horisontal  motion  as  explained  before*  For  uniform  waves  the  center- 
line was  always  found  to  be  a straight  line,  which  indicates  a oonstant  drift 
volooity  for  a given  condition.  lhe  slope  of  the  oenter-line  doorcases  with  an 
increase  in  wave  length  until  it  attains  a nogative  value  (Figure  25d).  This 
indicates  that  the  model  is  drifting  against  the  direotion  of  wave  travel* 

In  Figure  26  the  ocmputed  drift  velooities  are  plotted  as  a function  of 
the  ratio  of  wave  length  to  ship  length*  There  is  a scatter  in  the  experimental 
points,  but  the  trend  seems  to  be  well  defined.  The  drift  velocity  seems  to 
depend  also  on  the  shape  of  body  as  it  is  noted  that  its  reotangular  shape  gives 
the  highest  velooities.  The  ship  model  seems  to  start  to  drift  against  the 
waves  when  the  wave  lengths  exoeed  approximately  5 or  6 ship  lengths* 

Similar  results  of  drift  directions  and  velooities  also  have  been  obtained 
in  Sweden  In  this  instance  the  problem  occurred  in  connection  with 

a law  suit  resulting  from  the  collision  of  a steamship  (1,075  tons  - 184  ft. 
long)  and  a tanker  (16,700  tons  - 465  ft*  long).  Both  ships  were  anchored  in 
the  Great  Belt  S.W.  of  the  SJalland  reef,  Denmark.  The  orew  of  the  tanker 
stated  that  their  ship  had  remained  in  position  and  at  anchor  and  that  the 
steamship  had  been  carried  toward  the  tanker  by  the  strong  westerly  wind  and 
the  hi£i  seas*  The  orew  of  the  steamship  were  equally  sure  that  their  ship  had 
remained  at  anchor,  and  that  the  tanker  had  been  oarried  by  the  ooean  ourrent 
and  dragged,  against  the  westerly  wind  and  against  the  waves,  and  had  collided 
with  the  steamship*  To  yield  information  on  the  problem,  tests  were  completed 
at  the  Hydraulio  Laboratory,  Stockholm. 

A number  of  tests  were  oarried  out  on  models  where  the  two  ships  were 
oriented  parallel  to  the  waves*  A seoond  series  of  tests  were  conducted  in  a 
flume  using  only  the  mid-seotion  of  the  ship,  as  shown  in  the  sketch  below. 


/ 

i 

\ 


Section  of  ship 
used  in  experiments 


Here  the  model  filled  the  width  of  the  wave  ob&nnel,  exoept  for  a small 
spaoe  of  a few  millimetera  so  that  the  model  should  not  tcueh  the  flume  walls 
The  tests  were  oarried  out  to  a soale  of  1|20* 
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The  results  were  that  the  ship  generally  moved  with  the  waves,  but  some- 
times it  stood  still,  and  occasionally  even  moved  against  the  waves.  Hie  di- 
rection of  movement  depended  on  the  wave-length  and  on  the  vertioal  osoillation 
of  the  ship. 

The  oomparison  of  the  present  results  with  those  obtained  in  Sweden  oan 
not  be  given  in  this  report  as  the  beam  of  the  ship  is  not  given  in  the  Swedish 
report.  Approximate  oaloulations,  however,  gave  good  agreement  between  the  two 
results.  The  shape  of  the  experimental  curve  obtained  in  Sweden  is  very  similar 
to  that  in  Figure  26. 


7.  COMPARISON  OF  THEORY  WITS  RESULTS 


As  mentioned  before,  the  purpose  of  this  resort  is  primarily  to  desoribe 
the  laboratory  prooedures  and  present  same  experimental  results.  Parallel  to 
the  laboratory  studies,  theoretloal  investigations  were  made  by  Fuchs  and 
UaoCamy  and  a new  theory  has  been  developed  for  ship  motion  in  non-uniform 
waves.  The  theoretloal  background  and  the  new  theory,  along  with  oomparison 
with  laboratory  data  results,  are  given  in  a separate  report*2'.  The  results 
so  far  available  indicate  that  the  new  theory  predicts  the  ship  motion  for  non- 
uniform  long— o rested  waves  very  accurately. 

Here,  however,  an  attempt  will  be  made  to  compare  the  results  obtained  in 
regular  waves  with  an  earlier  theory  introduced  by  Wbinblum  (1935)(7,15,16)( 

Weinblum  made  the  following  assumptions} 

1.  The  waves  are  uniform  sine  waves,  in  form. 

2.  The  pressure  distribution  in  waves  is  not  af footed  by  the 
presenoe  of  the  ship  (an  attempt  has  been  made  to  use  oorreotion- 
ooeffioients  for  the  hydrodynamio  foroes), 

3.  The  skip  is  wall-sided. 

This  earlier  theory  has,  however,  been  extended  by  Weinblum  and  St.  Denis ^ 
resulting  in  a very  aoourate  theory  for  long-orested  uniform  waves.  In  the 
extended  theory  the  assumption  that  the  ship  is  wall-sided  is  not  essential. 

The  reason  that  the  earlier  theory  of  Weinblum  has  been  used  for  oomparison 
is  to  give  a good  idea  of  the  me ohanios  of  ship  motion  in  uniform  waves  without 
going  into  oomprehensive  mathematical  theory.  A comprehensive  theory  is  given 
by  Fuohs  and  MaoCamy  in  a separate  report*2'.  This  theory  is  essentially  very 
similar  to  the  extended  theory  by  Weinblum  and  St.  Denis,  but;  is  extended  to 
apply  to  non-uniform  waves. 

In  this  report  the  oomparison  of  results  with  Weinblum' s -theory  should  be 
regarded  more  qualitative  than  quantitative  and  should  show  the  trend  of  ship 
motion  under  different  wave  (uniform)  conditions.  This  goal  has  been  more  than 
reached  because  the  results  show  not  only  similar  trends  in  theory  and  results, 
but  also  very  olose  agreements  quantitatively,  when  the  assumptions  made  by 
Weinblum  are  fulfilled. 

For  the  oaae  in  whioh  the  longitudinal  axes  of  the  ship  is  parallel  to  the 
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direotion  of  wave  travel  wa  have  the  following  differential  equation* 

P V,  ' + 2N,  +/)gAz  =/)grBL  £,X/l)  cos  u;  t (8) 

for  the  heaving  motion 


I,'  7TT-+2Nj^rr  +O,m7g0=  />  gr  3,  x ,l,  s'n  w 1 

for  the  pitohing  motion. 

These  relationships  give  the  solutions* 


(9) 


z = r - /x,  cos  ( cli,  t - £ ,)  (10) 

0 = f-  ~ g VLL>  Sin  1 - f*) 

from  these  equations  it  oan  be  seen  that  amplitude  of  the  heaving  motion  de- 
pends on  two  independent  functions;  that  is, 

1.  Heaving  foroe  function  £(X/l) 

2.  The  amplitude  distortion  funotion  fj. , ( oj  / cu  , ) 

The  amplitude  of  the  pitohing  motion  depends  also  on  the  same  kind  of  inde- 
pendent funotiona,  that  is, 

1.  Pitohing  moment  funotion  $(X/l) 

2.  Amplitude  distortion  funotion  /t2  (cu  / gu2  ) 

Amplitude  Distortion  Funotion*  Amplitude  distortion  funotions  \jl\  and  fiz  are 
governed  principally  by  the  ratio  of  the  natural  frequenoy  W|  or  w2  of  the 
heaving  or  pitohing  oaoillation  to  the  frequenoy  of  exoitation,  but  also  by  the 
degree  of  damping. 


We  have* 

fl,  --  7=  --*  ' (12) 

V [l  - ( u>  /cu,')2]2  + ( 2w,/cu,)z  (cu  /<u,)2 

. i <13> 

[ I - ( CU  /(U2  )2  ) 2 + (2w2/CU2)2  ( CU  / CU  2 )2 

In  these  equations  wi  and  w2  represent  damping  values  per  unit  mass.  It  is 
interesting  to  point  out  that  2w|^|  for  the  heaving  and  2w2/cu2  for  the  pitohing 
has  been  found  in  numerous  model  tests*  to  be  of  approximately  an  equal  value 


Comole  ted  in  the  "Vorsuohsanstalt  fflr  Wasserbau  und  Schiffban,  Eerlin" 
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of  0.45^’J.  Ihia  ha8  been  checked  in  previous  experiments  and  was  found  to  be 
true  in  the  present  tests  on  the  ship  model  and  cylinder  wherein  *0.44. 

For  the  rectangular  block,  it  was  not  possible  to  obtain  the  same  value  from 
different  experiments.  But  it  was  found  also  that  2ju.  2*4  are  0f  approx- 
imately the  same  magnitude  and  -varied  between  0.30  and  0.60  with  an  average  value 
of  0.46.  The  reason  for  this  variation  seems  to  be  +hat  the  rectangular  blook 
was  too  small  and  light  as  a model  and  various  unpredioted  outside  conditions 
might  have  considerable  effeot  on  the  damping  curve.  It  oan  be  concluded  that 
models  of  very  small  size  should  not  be  used. 


a parameter. 


In  Figure  29  fit,  z has  been  plotted  as  a function  of  with  as 

The  curves  have  been  plotted  for  values  of  - 0.50,  0.46  and 

0.40.  As  oan  be  seen  frqm  these  curves,  the  variation  in  ' may  cause  a 

considerable  difference  in  heaving  and  pitohing  amplitudes  in  the  region  dose 


to  resonance,  i.e.  cu/um  = 1.  Outside  of  this  region  the  difference  would  be 
relatively  small.  For  comparison  of  theoretical  and  experimental  results, 

2 w 

1 • a =0.46  is  used  in  this  report. 

Wl,  2 


Heaving  Force  Function  £ ( \ / L ) t The  heaving  fbroe  function,  S(  \ /l  ) , depends 
primarily  on  the  variable  or  quantity  X /L  and  the  ship  form.  Tables  have  been 
completed  to  coup  u to  € (\  / l)  for  various  ship  forms  (9;15).  Figure  27  illustrates 
the  shape  of  the  heaving  force  function  £{\/t)  for  water  lines  aw  = l(reo- 
tangular  blook)  and  aw  = 0.860  (ship  model).  They  may  be  interpreted  as  foroe 
curves  for  a given  ship  when  the  wave  height  is  constant  while  the  wave  length 
varies.  Ftom  this  figure  we  see t 

1.  The  heaving  foroe  function  is  zero  when  X/L  value  is  approximately 
equal  to  the  water  plana  coefficient. 


2.  From  item  (1)  the  conclusion  might  be  drawn  that  at  an  effective  wave 
length  equal  to  the  ship’s  length  the  heaving  foroe  is  moderate  or 
may  be  even  zero  (rectangular  waterline). 

3.  As  the  wave-length  approaches  infinity,  the  value  of  the  heaving 
foroe  function  approaches  asymptotically  the  value  of  the  water  plane 
ooeffioient. 


The  Pitohing  Moment  Function  ^ < X / l ) » The  pitohing  moment  function, 

8 ( X / l ) » oan  be  obtained  by  using  previously  prepared  tables  (9;  16). 

Figure  28  gives  us  0(X/l)  for  values  of  water  plane  coefficients  <3 w = 1 
and  aw  - 0.850.  As  oan  be  seen  from  these  ourvest 

1.  The  pitohing  moment  is  small  for  short  wave  lengths, especially  when 
the  wave  length  is  approximately  l/2  of  the  ship’s  length  or  less. 

2.  The  pitohing  moments  are  high  when  the  wave  length  is  equal  to  the 
ship’s  length,  with  maximum  being  between  X/L  values  of  1 and  1.6. 

3.  The  ooourrenoe  of  maximun  pitohing  moment  depends  upon  the  ship 
form,  especially  upon  the  water  plane  ooeffioient,  a «*  . For 
fuller  water  lines  the  maximum  pitching  moment  occurs  at  longer  wave 
lengths  than  for  slender  ships. 

4.  The  asymptotic  value  of  the  pitohing  moment  is  zero  when  the  wave 
length  approaches  infinity.  Thio  is  natural,  for  the  slope  of  the 
wave  disappears  for  infinitely  long  waves. 


(X/U  £<x/l> 


RELATIVE  HEAVING  MOTION 
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Amplitude -distortion  factor,  /*,t, 


FIG  29 
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Comparison  of  eiperlmental  resultr  with  Wtlrvolum's  theory 


Rectangular  fjfock 

FIGURES  29,  30 
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In  general  it  mi be  pointed  nut  that  ma-Hamm  amplitudes  both  far  heaving 
and  pitohing  need  not  ooour  at  resonanoe,  for  the  resulting  amplitudes  are  func- 
tions of  amplitude  distortion  fa o tor  p , as  well  as  of  the  exoiting  foroe. 

Henoe,  when  the  foroe  faotor  is  very  small,  the  resulting  amplitudes  also  will 
be  small  even  when  the  wave  period  is  equal  to  the  natural  period  of  oscillation 

of  the  ship  (cu/o)|  =lV 

Comparison  of  Results  * The  results  are  given  in  Figures  30  through  34  and 
oompared  with  the  theory . In  these  graphs  relative  heaving  amplitudes  C,/rj  (or 
relative  pitohing  amplitudes  ©/H  ) are  plotted  as  functions  of  relative  wave 
lengths.  Here  £ represents  the  heaving  amplitude,  rj  the  amplitude  of  wave 
motion  at  the  same  moment,  © the  pitching  angle  in  radians,  and  H the  wave 
heigrt  that  causes  this  pitohing  angle. 


The  theoretioal  ourves  are  obtained  from  equations 
writing  these  equations  and  putting  the  heaving  amplitude 
the  wave  amplitude  T)  instead  of  r . 

10  and  11  by  re- 
£ , instead  of  z and 

Thus, 

rj  aw  /*• 

(12) 

_©_  : » QiAjx)  u 

H 2L  2Cl 

(13) 

For  tho  rectangular  blook  a*  = 1 and  2Ct:  1/6 
For  the  ship  model  aw  = 0.850  and  2Ct= 

• In  these  equations  the  Smith  effeot  is  not  considered.  It  is  known  that 
the  isobars  within  the  wave  itself  are  given  by 

rz  = r e’2*z/^sin  (kX-wt) 

(14) 

where  r is  the  half  wave  height.  Thus,  for  the  ship  motion  study  the  effeotive 
wave  heights  should  be  used  and  not  the  geometrical  wave  hei£it*  The  effeotive 

wave  height  is  given  by 

. „ -27Td/X 

r effect  ■ r 6 


where  d is  the  draft  of  the  ship  (true  only  for  wall- sided  ship  with  a flat 
bottom).  In  Figures  30  through  54  the  theoretical  curves  are  given  for  com- 
parison for  both  of  the  following  conditions* 

(a)  as  oomputed  by  using  geometrioal  wave  heights, 

(b)  as  oomputed  by  using  effeotive  wave  heights. 

For  all  oases  the  ourves  oomputed  using  effective  wave  heights  (oorreoted 
for  Smith  effeot)  give  the  best  agreement  with  experimental  data. 

In  Figure  30  the  experimental  results  are  compared  with  theory  for  the 
heaving  of  the  rectangular  blcok.  The  result?  obtained  in  an  open  basin  with 
non-uniform  waves  agree  well  with  the  theory.  The  results  obtained  in  the 
wave  ohannel  with  regular  waves  are  considerably  lower  but  give  a much  smoother 
ourve. 


Relative  pitching  angle,  0/ 


t A(term«eniol  po«nf*  otUm«j  with 


uT.form  IrQifi  of  **o«e\  -o»e 


fheorf  without  COnSiderOtiOh  of 


Smith  effect 
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In  Figure  31  the  experimental  results  as  obtained  with  the  ship  model  In 
uniform  waves  and  in  the  wave  ohannel  are  compared  with  the  theory.  The  agree- 
ment oan  be  oonsidered  as  very  good. 

The  ship  model  and  the  reotangular  blook  sure  both  wall-sided  and  agree 
with  the  assumptions  made  by  Weinblum  for  his  theory.  To  observe  the  oonditiona 
ihioh  occur  when  the  model  is  not  wall-sided,  some  Experiments  were  oompleted 
with  a circular  oylinder,  as  previously  described,  and  the  results  eiven  in 
Figure  32.  The  experimental  points  fit  a smooth  curve  very  well,  but  do  not 
agree  with  theoretical  results  as  far  as  the  shape  of  the  ourve  and  the  abso-. 
lute  values  are  ooncerned.  To  compute  the  effeotive  draft  for  a ship,  Horn''4' 
gives  us  the  following  formula  t 

deff  : V/A 

where  V is  the  displacement  and  A is  the  waterplane  area.  The  effeotive  draft 
for  the  oylinder  was  computed  as  d^ff  =0.79  4-  , and  the  theoretical  ourve  was 
oorreoted  for  this  value  ( D is  the  oylinder  diameter).  Also  another  effeotive 
draft  with  d = 0.67  was  usedj  as  shown  in  Figure  32.  (0.67  ^ was  derived 

by  integrating  the  Smith  effeot  over  submerged  area^  Die  experimental  curve 
fits  the  unoorreoted  theoretioal  ourve  for  the  shorter  wave  lengths  and  then 
departs  to  fit  the  oorreoted  ourves  for  long  waves.  This  demonstrates  that 
Weinblum* s theory  maybe  used  with  good  results  when  the  ship  is  wall-sided, 
but  gives  values  whioh  are  too  low  (when  the  ourves  are  oorreoted  for  Smith 
effeot)  for  parabolio  ship  oross-seotions,  espeoially  for  the  shorter  wave 
lengths . 

t 

In  Figure  33  and  34  the  experimental  results  of  pitohing  angle  are 
oompared  with  the  theory.  Ihe  agreement  is  good  again,  especially  for  the 
experiments  with  a ship  model. 


VI.  C0NCUJSI0HS 

1.  For  long  wave  lengths  as  oompared  to  ship  length,  the  ship  model  follows  the 
waves  smoothly  and  the  heaving  amplitude  is  very  close  to  the  wave  amplitude* 

2.  The  heaving  amplitude  of  the  ship  decreases  with  deoreasing  wave  lengths  and 
may  become  very  small. 

3.  For  short  wave  lengths  a shift  in  phase  between  the  wave  motion  and  ship 
motion  ooours  resulting  in  slamming  under  sorn  conditions. 

4.  The  surging  motion  is  muoh  higher  than  is  generally  believed  and  should  be 
taken  into  consideration  in  towing  tests. 

6.  When  the  ship  is  not  underway,  and  when  it  is  not  affeoted  by  winds  or 

ourrents,  it  drifts  in  the  direction  of  the  waves  for  shorter  wave  lengths, 
stays  still  in  longer  wave  lengths  and  may  oooasionally  move  against  the 
direotion  of  wave  travel  in  very  long  waves. 

6.  A oonolusion  that  follows,  considering  heaving,  pitohing,  surging  and  drift- 
ing motions  together,  is  that  the  ratio  of  wave  length  to  ship  length  equal 
to  unity  does  not  neoessarily  represent  extreme  conditions  for  all  of  these 
motions.  The  extreme  values  depend  very  iiuch  on  the  oharacteristios  and  the 
shape  of  the  ship  and  should  be  examined  for  each  motion  separately. 
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7.  The  experimental  results  of  heaving  and  pitehing  motion  ap*ee  with 

Weinblum's  theory  when  the  ship  is  w&ll-sided  and  the  waves  are  uniform 
sine  or  oosine  waves* 

8*  Although  the  experimental  results  agree  with  the  theories,  the  oonolusions 
should  not  be  drawn  that  these  theories  are  applicable  for  actual  con- 
ditions in  -tiis  ooean  when  short-crested  waves  are  enoountered. 


APPENDIX 


Relatively  few  prototype  measurements  are  available  under  aotual  ooean 
conditions.  One  of  the  best  set  of  experiments  in  this  regard  was  the  sea  tests 
of  H.S.  "San  ftrancisoo"  in  19341*).  Fortunately  different  sea  and  wind  con- 
ditions were  encountered  during  this  trip  with  winds  ranging  from  calm  to 
maxinun  values.  Die  maximum  wind  foroe  of  12th  Beaufort  scale  was  encountered 
on  the  North  Atlantio.  In  Table  I some  oharaoteristlo  values  are  given  as 
obtained  during  these  measurements  to  give  some  idea  of  the  expected  aotual 
conditions  and  permit  comparison  with  laboratory  values. 
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